EE 5223 - Lecture 31 Mon Mar 24, 2025

Ongoing List of Topics:

« URL: https://pages.mtu.edu/~bamork/EE5223/
« Term Project - Follow posted Guidelines!

« Formal outline w/complete references complete, get/keep cranking...
« Homework set for Ch.4 (extra day for Prob 4 if needed)

 Problems scheduled due Tues 9am. Help video, e-mail forum!

 Protection fundamentals for 87T, cont'd —

« a) correct connection of CT secondaries to relays (Lecture 29)

* b) relay settings, to compensate for pri voltage ratio and CT ratios.

* ¢) Mismatch problems - due to being forced to use less than full CT
ratio, and having Pri and Sec CTs with different accuracy levels.
Differential slope of trip characteristic can be 10%, 15%, 25%, etc, to
allow for mismatch. Refer to XFMR.pdf!

 Next: Bus protection - 87B
« Low Impedance relays

 High-Impedance relays
«  Partial bus protection using 51 relay (distribution bus w/radial feeders)



https://pages.mtu.edu/~bamork/EE5223/
http://www.ece.mtu.edu/faculty/bamork/EE5223/index.htm
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TABLE A.1
Typical range of transformer reactancest

Power transformers 25,000 kVA and larger

"Data furnished by ABB Power T &

. *Reactances of older machines will ¢
Nominal system voltage, kV Forced-air-con@ Forced-oil-cooled, % 8, varies so critically with armature
— from 0.1 to 0.7 of X7.
34.5 5-8 9-14
69 6-10 10-16
115 6-11 10-20
138 6-13 10-22
161 6-14 11-25
230 7-16 12-27
345 8-17 13-28
500 10-20 16-34
700 11-21 19-35

t Percent on rated kilovoltampere base. Typical transformers are now designed for the minimum
reactance value shown. Distribution transfgfmers have considerably lower reactance. Resistances of
transformers are usually lower than 1%,
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Forced-oil-cooled, 9,

9-14
10-16
10-20
10-22
11-25
12-27
13-28
16-34
19-35

TABLE A.2

Typical reactances of three-phase synchronous machinest
Values are per unit. For each reactance a range of values is listed below t‘e typical valuef

APPENDIX A 749

Turbine-generators "
2-pole 4-pole Salient-pole generators
Conventional Conductor Conventional Conductor{ With Without
cooled cooled cooled cooled dampers  dampers
X, 1.76 1.95 1.38 1.87 1 1
1.7-1.82 1.72-2.17 1.21-1.55 1.6-2.13 0.6-1.5 0.6-1.5
X, 1.66 1.93 1.35 1.82 0.6 0.6
1.63-1.69 1.71-2.14 1.17-1.52 1.56-2.07 § 0.4-0.8 0.4-0.8
‘ X, 0.21 0.33 0.26 0.41 0.32 0.32
A 0.18-0.23 0.264-0.387 0.25-0.27 0.35-0.467§ 0.25-0.5 0.25-0.5
x : : Xy 0.13 0.28 0.19 0.29 0.2 0.30
‘ 0.11-0.14 0.23-0.323  0.184-0.197 0.269-0.32 § 0.13-0.32  0.2-0.5
X, =Xy =Xy = Xj =X, . 0.2
0.13-0.32

Xo§

TData furnished by ABB Power T & D Company, Inc.

*Reactances of older machines will generally be close to minimum values.
XO varies so critically with armature winding pltch that an average value can

from 0.1 to 0.7 of X7.
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Waukesha Quality Inside
Means Reliability Is On Your Side

Low no-load losses result from use of Transformer exterior is coated to a
laser-scribed, super-grain-oriented steel. minimum thickness of 3 mils. This
coating has superior endurance
characteristics and meets the ANSI|
h 1 ©57.12.28 standard.

Load Tap Changer is designed to withstand up to a
half-million operations without need for contact
replacement.

Material-stabilized coils are pressure-fit
within the core frame.

Lamination width customized to achieve
a near perfect-circle core cross section,
resulting in the most efficient use of
materials plus a lighter, more compact
high-performance transformer.

De-energized tap changer
features simple and compact

in-line contact arrangement. . .
Galvanized radiators

provide excellent
corrosion resistance and

. - ) minimal maintenance.
Coil assembly is rigidly braced in a

high-strength frame that distributes
clamping forces around the full
circumference of the windings.

Inside tank surfaces are painted white
to facilitate internal inspection.

Submerged-arc process produces deep weld penetration, virtually
Waukesha Electric Systems offers component parts for eliminating leakage from welded tank joints.

transformer upgrades and repair, as well as extensive field
service support that includes transformer moving, hauling
and rigging, vacuum filling and oil processing, inspection,
testing and customer training.

— M — WAUKESHA ELECTRIC SYSTEMS

World Headquarters: U.S. Manufacturing: Service, Parts, Training:

400 S. Prairie Avenue Waukesha, WI 800.835.2732 | High Voltage Supply
Waukesha, W1 53186-56940 | Goldsboro, NC  800.758.4384 | Dallas, TX ~ 800.338.5526
800.835.2732

energ)/SO’utions...to power your future
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Figure 13. HU, HU-1 and HU-4 Differential Characteristics (30% Sensitivity).
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Figure 14. HU, HU-1 and HU-4 Differential Characteristi
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AP(’“ Cmﬂ A

Transformer Protection Exam ple
2= p':’S EE 490C/590C Homework
DU s

You are an applications engineer. You are given the spec of a new transformer that has just been ordered, and told to
develop the protective relaying scheme.

The transformer rating is given as: 18/24/30-MVA @ 55C° rise
20.2/26.9/33.6-MVA @ 65C° rise
Two-winding
69,000 volts Grounded Wye to 12,470 volts Delta
Nonstandard phase shift: Wye leads by 150°
LTC on secondary (+10% in 5/8% steps)

High side CTs are 600:5 multi-ratio, C800, 3 sets of three

Low side CTs are 2000:5 multi-ratio, C800, 2 sets of three

Neutral CT is 1200:5 multi-ratio, C800. :

Low side CTs to be used for the 87T scheme are on the LV switchgear. They are 1200:5 single ratio, C100. LV
interruption is provided by the switchgear breaker; HV interruption by sending a transfer trip to the other end of

the 69-kV line.

Also specified with the transformer are a sudden pressure relay, a low-low oil level trip contact, a high-high winding
hot spot contact, and a high-high top oil temperature contact.

- Draw a one-line of the transformer. Show the transformer and the connected L'V switchgear. Show all CTs and ratios.
Show 87T connections. Show trip contacts from alarm devices. Provide correct ANSI device designation numbers.

5
- é;, - Draw out a three-line, showing correct phase connections of the 87T relays.
- Determine the ratios for the multi-ratio CTs, assuming max load current for 65C° operation.

| - Select tap settings for the relays. Use the Westinghouse relays that are described in the handout you were given in

L class.

- - Calculate the mismatch, including the effects of the load tap changer. Come up with at least an acceptable
combination of CT ratios and tap settings. You may want to try various combinations, but make sure that the load
current does not exceed the CT ratio you use. :

,(, - Do the burden calculations ;‘6’ confirm that the CTs are Withiﬁ their accuracy range? Assume the source impedance
for faults from the 69-kV side is 0.2 per unit on a 100 MVA base and that there is no fault source on the low voltage
side. Ignore the impedance of the connecting cables. Is the C100 CT within it's operating range?
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'Wesknghowe. HW Rela

Indicating Contactor Switch (ICS)

No setting is required on the ICS unit except

the selection of the 0.2 or 2.0 ampere tap setting.
This selection is made by connecting the lead
located in front of the tap block to the desired set-
ting by means of the connecting screw. When the
relay energizes a 125-or 250-volt dc type WL relay
switch, or equivalent, use the 0.2-ampere tap; for
48 volt DC applications set relay in 2 tap and use
Type WL Relay coil S#304C209G01 or
equivalent.

Indicating Instantaneous Trip (IIT)

No setting is required on the indicating instan-

taneous trip unit. This unit is set at the factory to
pickup as follows:

HU/HU-1 Relays 10 times tap value current
HU-4 Relay 15 times tap value current

SETTING CALCULATIONS

Select the ratio matching taps. There are no

other settings. In order to calculate the required
tap settings and check current transformer per-
formance the following information is required.

Required Information

I. Maximum transformer power rating
(KVA)Mm

2. Maximum external fault currents

3. Line-to-Line voltage ratings of power
transformer (Vyy, Vi, V)

4. Current transformer ratios, full tap (N7

. Current transformer “C” accuracy class

voltage, (or excitation or ratio correction
factor curve)

6. One way current transformer lead resist-
ance at 25°C (RL) (when using excitation
curve, include ct winding resistance)

7. Current transformer connections (wye or
delta)

8. ct secondary winding resistance, Rg.

wn

Definitions of Terms

Ip = Primary current at (KVA)M

TR = Relay input current at (KVA)p
IRH, IRL, IR] are same as IR except
for high, low and intermediate voltage
sides respectively.

@)

Ig = ct secondary current at (KVA)\

I' =relay tap setting.
TH, Tr, Ty = are same as T except for
high, low and intermediate voltage wind-
ings, respectively.

N =Number of current transfoimer turns
that are in use.

Np = N/NT (Proportion of total turns in use)

Nt = Current transformer ratic, full tap

VL = “C” accuracy class voltage

Z A = Burden impedance of any devices other
than the HU, HU-1, or HU-4 relays,
with maximum external fault current
flowing,

Iext = max. symmetrical external fault current
in secondary RMS amperes.

Zt =Total secondary burden in ohms (ex-
cluding current transformer winding re-
sistance.)

Calculation Procedure

1. Select current transformer taps, where
multi-ratio types are used. Select a tap to
give approximately 5 amperes at maximum
load. This wil} provide good sensitivity
and will produce no thermal problem to
the ct., the leads or the relay. Better sen-
sitivity can be achieved by selecting a tap
to give more than 5 amperes if a careful
check is made of the ct, the leads and the
relay capability. For determining the re-
quired continuous rating of the relay, use
the expected two-hour maximum load,
since the relay reaches final temperature
in this time.

2. Calculate the relay currents, Ip. All re-
lay currents for relay tap selection should
be based on the same KVA capacity.

3. Calculate the relay current ratio(s) using
the lowest current as reference,

4. Select the tap ratio as close as possible to
relay current ratio from Table 1. Choose
the first relay tap ratio using the largest
current ratio from step 3. The other tap
ratios shou'd be determined using the lower
tap from the first tap ratio as reference.




I— M%L,_,

IR should not exceed relay continuous
rating as defined in Energy Requirement
Table.

5. Check IIT operation. The IIT pickup is ten
times the relay tap value for the HU and
HU-1, or 15 times tap value for the HU-4.
Therefore, the maximum symmetrical error
current which is flowing in the differential
circuit on external fault current due to dis-
similar ct saturation should not exceed 10
or 15 times relay tap.

6. Determine Mismatch
For 2 winding banks:

(Ir1 /Iou)—(Ty /T
00 RL/ RH)S( L/Ty) 0

wher_e S is the smaller of the two terms,
(IRL/IRH) or (TL/TH)
For 3 winding banks:

% mismatch = 1

Repeat calculation of equation (1) and
apply similar equations to calculate mis-
match from the intermediate to high and
from the intermediate to low voltage
wimndings.

Where tap changing under load is per-
formed the relays should be set on the basis
of the middle or neutral tap position. The
total mismatch, including the automatic
tap change should not exceed 15% with a
30% sensitivity relay, and 20% with a 35%
sensitivity relay. Note from Fig. 11 that
an ample safety margin exists at these
levels of mismatch.

7. Check current transformer performance.
Ratio error should not exceed 10% with
maximum symmetrical external fault
current flowing. An accurate method of
determining ratio error is to use ratio-
correction-factor curves (RCF). A less
accurate, but satisfactory method is to
utilize the ANSI relaying accuracy classi-
fication, If the *C accuracy is used,
performance will be adequate if:

NPV(LHOOIQS > TW’ ‘ﬁ‘;‘?“_) > s 51

[N pVel - (Text - 100 / Text
is greater than ZT (2)

. Dote: let Ieyt = 100

"dsore maximum external fault current is
less than 100A.

For wye-connected ct:
ZT = lead resistance + relay burden + Za
= 1.13 R, -!r-(ﬁ + Za ohms  (3)
T
(RL multiplier, 1.13, is used to account for
. . 0.15 .
temperature rise during faults —T is an

approximation. Use 2 way lead resistance
for single phase to ground fault.)

For delta-connected ct:

Zr = 3 (113 RL+O—E+ Z) ohms
= 34 R +°—‘;5 +3Zp @)

*(The factor of 3 accounts for conditions
existing during a phase fault.)

8. Examples
Refer to pages 19, 20 and 21 and figure 21
for setting examples.

TABLE 1
HU Relay Tap Ratios

29 (32 35)38 (4246 ] 50| 87
2.9 |1.00011.103]1.207|1.310]1.448|1.5861.724|3.000
3.2 1.000]1.094)1.188]1.313{1.43811.56312.719
35 1.000]1.08611.200{1.314[1.429|2.486
38 1.00011.105|1.211}1.316{2.289
4.2 1.000/1.09511.190{2.071
4.6 1.000/1.087(1.890
5.0 1.000/1.740
8.7 1.000

INSTALLATION

The relays should be mounted on switchboard
panels or their equivalent in a location free from

¢



—

d

‘l

I.L. 41-347.1N
TWO-WINDING TRANSFORMER CALCULATIONS (See Figure 21)
LOW HIGH
1. Select ¢t Ratio
(KVA)\m 3(.000 20,000
_ M _ 20,000 _ = - 167 A
TV v o0 Amp. 09/ 3 P

Select Ratio

[£%]

Calculate Relay Current:

Ig ="

lez

(%)

. Calculate Current Ratio:

PN

. Select Tap Ratio from Table I:

IR > relay continuous rating

5. Check IIT Operation

Max. Symmetrical error current
> 10 times relay tap.

6. Determine Mismatch:

% Mismatch =

TLR/TRH) - (T /Tyy) _
T /Ty

100

~

. Check ct Performance
ZT =

N

NT

(Np VeL)
00
(Np Ve /100) > Zp

Conclusion:
——tuson:

1600/5 (N = 200)

930
22 = 465 Amp.
200 Amp

200/5 (N = 40)

-
l—{‘—'— = 4,18 Amp.
40

1 8.05
& =——= 193
T 8.7
L = 1.890
Ty 46
No No
No
100 (8.05/4.18) - (8.7/4.6) _
8.7/4.6 -
1.92 - 1.89
100 ———— = 1.6%
.89 1.6%
0.45 Q.15
J4R) +—= 113 Ry, +—— =
3.4X0.4+9'815,;=l.36+0.05= l.lJXO.4+%L65=O.45+O.03=
1.41 ohms 0.48 chms
200 40
320 = 0.833 5 = 0.333
0.833 X 200 0.333 X 200
—— = 7 ——— 7
100 L7 100 06
Yes Yes
TL = 8.7 TH = 4.6
30% sensitivity Relay is adequate

19
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